Introduction {#sec1}
============

Genome editing based on inducing targeted chromosomal double-stranded DNA breaks (DSBs) by programmable nucleases permits altering, in a precise manner, the genetic makeup of eukaryotic cells.[@bib1], [@bib2] Normally, homology-directed repair (HDR) is the DSB repair pathway that is exploited for the targeted and precise addition of new genetic information. In this case, exogenous DNA templates sharing sequences identical to chromosomal acceptor sites serve as surrogate HDR substrates for repairing the underlying sequence-specific DSBs. Ultimately, this co-option of HDR yields precise genetic alterations at predefined genomic sequences.[@bib1], [@bib2]

Despite its patent usefulness, HDR-based gene editing is limited by the fact that, in mammalian cells, DSBs are primarily repaired through competing non-homologous end joining (NHEJ) pathways instead of through HDR.[@bib3], [@bib4] Moreover, HDR is commonly restricted to the G2-S phases of the cell cycle, when sister chromatid sequences become available, while NHEJ, involving end-to-end ligation of broken chromosomal termini, takes place throughout the various stages of the cell cycle.[@bib3], [@bib4] Critically, NHEJ-mediated DSB repair leads to chromosomal translocations and, more often, to the incorporation of small insertions and deletions (indels) at the target site, resulting in disruptive, potentially deleterious, allelic mutations. Hence, it is crucial to expand our knowledge about the parameters governing these two DNA repair pathway-driven gene editing endpoints that, together, determine the performance of HDR-based gene editing and genomic DNA stability.

Chromatin is formed in the nucleus of eukaryotic cells by a dynamic association between genomic DNA and various types of molecules, including histones and non-histone proteins. The basic unit of chromatin, the nucleosome, consists of ∼147 bp of double helix wrapped around an octamer of the four core histones H3, H4, H2A, and H2B.[@bib5] The transition from compact or closed heterochromatin to relaxed or open euchromatin is controlled through a large number of macromolecular complexes and their respective catalytic activities, which include methylation-demethylation, acetylation-deacetylation, and phosphorylation-dephosphorylation.[@bib5] The impact of different chromatin states on programmable nuclease-assisted gene editing at on-target sequences, as well as on the genome-wide distribution of off-target sites, warrants in-depth investigations.[@bib6]

Our laboratory and those of others have reported that NHEJ-mediated repair of a single DSB induced by programmable nucleases can be modulated by distinct epigenetic marks and chromatin structures in living mammalian cells.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14] As of yet, however, the role played by such chromosomal topologies on the performance of HDR-based gene editing, using different types of donor DNA templates, has not been assessed. To start addressing this matter, here we sought to investigate whether distinct chromatin conformations, regulated through the recruitment of the Krüppel-associated box (KRAB) domain to DNA, controls gene-editing outcomes by changing the balance between HDR and NHEJ events at single, site-specific DSBs. KRAB-containing proteins belong to the largest family of zinc-finger repressors in tetrapod vertebrates, whose generic role is that of recruiting chromatin remodeling co-repressors via their KRAB domains, after binding to specific genomic sequences through their zinc-finger motifs.[@bib15], [@bib16] In particular, KRAB domains interact with KRAB-associated protein-1 (KAP1) oligomers that form a scaffold for the binding of heterochromatin-1 (HP1) isoforms (i.e., HP1α, HP1β, and HP1γ), histone deacetylases (i.e., HDAC1 and HDAC2), the nucleosome-remodeling factor CHD3, and the SET domain histone methyl-transferase SETDB1 that associates with additional HP1 molecules via tri-methylation of lysine 9 on histone H3 (H3K9me3).[@bib15], [@bib16] Ultimately, these large protein-DNA assemblies create heterochromatic regions in the genome.[@bib17], [@bib18]

Here, to assess the influence of chromatin structure on HDR-based gene editing, we combined (1) human reporter cells with target sequences under the control of KRAB-mediated epigenetic regulation; (2) programmable RNA-guided nucleases (RGNs) based on the type II CRISPR-Cas9 adaptive immune system from *S. pyogenes*;[@bib19] and (3) donor HDR substrates of viral, non-viral, and synthetic origins. In particular, as donors, we tested integrase-defective lentiviral vector genomes (IDLVs),[@bib20] conventional recombinant plasmids, and chemically synthesized single-stranded oligodeoxyribonucleotides (ODNs) with both polarities (i.e., sense and antisense). RGNs are ribonucleoproteins formed by a complex between a fixed Cas9 protein and a sequence-tailored guide RNA (gRNA). Typically, the 5′-terminal 20 nt of the gRNA (spacer) are tailored to hybridize to a chromosomal target sequence located next to a protospacer adjacent motif (PAM; NGG in the case of *S. pyogenes* Cas9). The PAM sequence signals the position for the initial protein-DNA binding mediated through the PAM-interacting domain positioned on the two lobes of Cas9.[@bib21] Next, complementarity between the spacer portion of the gRNA and PAM-adjoined DNA sequences triggers DSB formation by the coordinated catalytic activation of the nuclease domains of Cas9 (i.e., HNH and RuvC).[@bib19]

By using the aforementioned DNA, RNA, and protein tools, we performed gene-editing experiments in quantitative live-cell readout systems, based on complementary human reporter cells containing chromosomal target sequences whose KRAB-regulated epigenetic statuses are controlled by small molecule drug availability.[@bib10], [@bib11] We report that the proportions between gene-editing endpoints resulting from the repair of site-specific DSBs by NHEJ and HDR differ in a chromatin structure-dependent manner, with HDR increasing its prominence in relation to NHEJ when euchromatic target sequences acquire a heterochromatic state. Of note, the type of donor DNA can have a measurable impact on the extent to which this relative increase in HDR events takes place at KRAB-induced heterochromatic target sites. Further, we found that a Cas9-Geminin fusion protein, whose activity is downregulated during the HDR non-permissive cell cycle phases,[@bib22] in addition to enhancing HDR rates decreases those of NHEJ, resulting in a net gain of HDR-derived gene-editing events at both euchromatin and KRAB-induced heterochromatin.

Results {#sec2}
=======

Gene-editing experiments were carried out in HER.Traffic Light Reporter (TLR)^TetO.KRAB^ and HEK.EGFP^TetO.KRAB^ cells by introducing RGNs together with donors of viral, non-viral, or synthetic origins ([Figure 1](#fig1){ref-type="fig"}). These human reporter cells express the *E. coli* tetracycline trans-repressor (tTR) fused to a mammalian KRAB domain. The tTR and KRAB components are, hence, the DNA-binding and effector domains of the tTR-KRAB fusion product, respectively. In HER.TLR^TetO.KRAB^ and HEK.EGFP^TetO.KRAB^ cells, in the absence of doxycycline (Dox), the tTR-KRAB fusion protein binds to its cognate *TetO* sequences and recruits via its KRAB repressor domain the endogenous epigenetic silencing apparatus, consisting of, among other chromatin-remodeling factors, the co-repressor KAP1 and HP1 ([Figure 1](#fig1){ref-type="fig"}A). Conversely, in the presence of Dox, tTR-KRAB suffers a conformational change that releases it from the *TetO* sequences. This results in the transition of associated sequences from a compacted heterochromatic state (H3K9me3 high, H3-Ac low) into a relaxed euchromatic state (H3-Ac high, H3K9me3 low), as shown previously.[@bib10]Figure 1Experimental Systems for Tracking Gene-Editing Outcomes at Isogenic Target Sequences with Alternative Epigenetic States(A) Generic experimental designs. The reporter HER.TLR^TetO.KRAB^ and HEK.EGFP^TetO.KRAB^ cells, cultured in the absence or presence of Dox, are exposed to RGNs together with different donor DNA templates. Without Dox, tTR-KRAB binds to *TetO* and induces heterochromatin formation through the recruitment of, among other factors, KAP1 and HP1. With Dox, tTR-KRAB is set free from *TetO*, leading the target sequences to acquire an euchromatic state. After the completion of the gene-editing processes, Dox is added to the different cultures in order to determine the frequencies of HDR and NHEJ events at heterochromatic versus euchromatic target sequences by dual-color flow cytometry. (B) *Modus operandi* of the Traffic Light Reporter (TLR)-containing HER.TLR^TetO.KRAB^ indicator cells for tracking gene-editing endpoints at heterochromatin versus euchromatin. The *TetO*-flanked *TLR*^TetO^ construct in tTR-KRAB-expressing HER.TLR^TetO.KRAB^ cells has an *EGFP* open reading frame (ORF) interrupted by heterologous sequences and a stop codon located upstream of a T2A sequence and an out-of-frame *mCherry* reporter. HDR is scored by measuring EGFP^+^ cells resulting from the repair of site-specific DSBs by HR events between episomal donor templates (EGFPtrunc) and heterochromatic (−Dox) or euchromatic (+Dox) chromosomal DNA. This genetic conversion results in the substitution of the heterologous and stop codon DNA by an in-frame *EGFP* sequence. Concomitantly, NHEJ is scored by measuring mCherry^+^ cells resulting from the fraction of indels placing the *mCherry* in-frame. (C) *Modus operandi* of HEK.EGFP^TetO.KRAB^ indicator cells for tracking gene-editing endpoints at heterochromatin versus euchromatin. The *TetO*-flanked *EGFP* construct (*EGFP*^TetO^) in tTR-KRAB-expressing HEK.EGFP^TetO.KRAB^ cells is functional. HDR is tracked by measuring the frequencies of blue light-emitting cells resulting from the conversion of the *EGFP* fluorochrome into that of *EBFP*. Simultaneously, NHEJ is scored by measuring EGFP^−^ cells resulting from indels placing the *EGFP* sequence out-of-frame. The RGN complexes delivered into HEK.EGFP^TetO.KRAB^ cells cleave within the EGFP fluorochrome-coding region. As a result, the vast majority of DSB-derived indels are expected to yield EGFP-negative cells.

We reasoned that the complementary gain-of-function and loss-of-function assays offered by HER.TLR^TetO.KRAB^ and HEK.EGFP^TetO.KRAB^ cells should be particularly suited for assessing the impact of epigenetically regulated chromatin conformations on specific gene-editing endpoints. This is so owing to the fact that these live-cell systems permit the simultaneous quantification of HDR and NHEJ events at isogenic target sequences located either in euchromatin or heterochromatin, depending on the presence or absence of Dox, respectively ([Figure 1](#fig1){ref-type="fig"}A). Indeed, in these cells, Dox availability regulates the tTR-KRAB-mediated recruitment of the aforementioned endogenous chromatin-remodeling complexes to *TetO* sequences associated with each of the reporter alleles, i.e., *TLR*^TetO^ and *EGFP*^TetO^ ([Figures 1](#fig1){ref-type="fig"}B and 1C).

HDR-based gene editing experiments were started by transfecting HER.TLR^TetO.KRAB^ cells, cultured in the absence or in the presence of Dox, with plasmids encoding the RGN complex Cas9:gTLR.1. The target site of Cas9:gTLR.1 is located upstream of a nonsense mutation within the *TLR*^TetO^ construct, and it is flanked by sequences homologous to those present in the *EGFP*-repairing donor template EGFPtrunc[@bib23] ([Figure 1](#fig1){ref-type="fig"}B; [Figure S1](#mmc1){ref-type="supplementary-material"}). This HDR substrate was delivered by transducing HER.TLR^TetO.KRAB^ cells with different amounts of the integrase-defective lentiviral vector IDLV^d^ together with constructs expressing the RGN complex Cas9:gTLR.1 ([Figure S2](#mmc1){ref-type="supplementary-material"}). Negative controls consisted of HER.TLR^TetO.KRAB^ cells that received neither expression plasmids nor IDLV^d^ particles (mock), and they were exposed to an irrelevant, non-targeting, gRNA (gNT) together with Cas9 and IDLV^d^. After the action of the RGN complexes had taken place, all HER.TLR^TetO.KRAB^ cultures were incubated in the presence of Dox for allowing transgene expression and quantification of HDR- and NHEJ-derived gene editing events by EGFP- and mCherry-directed flow cytometry, respectively. The IDLV^d^ dose-response treatments revealed that the HDR levels plateaued with an MOI of 8 vector particles per cell (VP cell^--1^) ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Thus, this dose of IDLV^d^ particles was chosen for subsequent transduction experiments.

We found that the frequencies of DSB-triggered NHEJ at euchromatic target sequences (+Dox) were substantially higher than those measured at their heterochromatic (−Dox) counterparts, as assessed by mCherry-directed flow cytometry ([Figures 2](#fig2){ref-type="fig"}A and 2B). This outcome is in agreement with that of our previous study involving the exclusive delivery of RGNs.[@bib10] In particular, RGN-induced DSBs are preferentially formed at euchromatin over heterochromatin,[@bib10] which, in turn, directly correlates with the preferential binding of RGNs harboring catalytically inert (dead) Cas9 proteins to euchromatic over heterochromatic regions across the genome, as determined by chromatin immunoprecipitation sequencing (ChIP-seq) analysis.[@bib24], [@bib25], [@bib26] Interestingly, despite an initial higher accessibility of gene-editing tools to euchromatic over heterochromatic DNA, there were no corresponding increases in HDR levels in the former, Dox-treated cells ([Figure 2](#fig2){ref-type="fig"}A). As a result, the ratios between NHEJ and HDR events at compact heterochromatin were substantially lower, and hence more favorable, than those measured at relaxed euchromatin ([Figure 2](#fig2){ref-type="fig"}C; [Figure S2](#mmc1){ref-type="supplementary-material"}C). The use of the alternative RGN complex Cas9:gTLR.2 recapitulated the outcome obtained with Cas9:gTLR.1 ([Figures 2](#fig2){ref-type="fig"}A, lower panel, and [2](#fig2){ref-type="fig"}C).Figure 2Comparing Gene-Editing Outcomes at Euchromatin versus Heterochromatin after Viral Vector Delivery of Donor DNA(A) IDLV^d^-based gene editing. Dual-color flow cytometric measurements of HDR and NHEJ frequencies in HER.TLR^TetO.KRAB^ cells subjected to the indicated experimental conditions and treated (+) or not treated (−) with Dox are shown. Two different transfection protocols (A and B) were used to introduce the DNA constructs into target cells. IDLV^d^ particles were applied at an MOI of 8 VP cell^-1^. Bars correspond to mean ± SD of the indicated number (n) of independent experiments (biological replicates done on different days). (B) Representative dot plots corresponding to HER.TLR^TetO.KRAB^ cells exposed to IDLV^d^ together with Cas9:gNT or Cas9:gTLR.1 complexes initially treated or not treated with Dox. (C) Comparative engagement of HDR and NHEJ pathways during IDLV-mediated repair of DSBs made at heterochromatin versus euchromatin. Panel C presents the data shown in (A) as the ratios between the rates of NHEJ and HDR in HER.TLR^TetO.KRAB^ cells incubated or not incubated with Dox.

Next, we sought to assess RGN-induced gene-editing endpoints at isogenic target sequences with distinct chromatin conformations, after delivering donor DNA in the context of covalently closed double-stranded plasmids. In these experiments, we deployed the lentiviral DNA construct Plasmid^d^,[@bib23] which had been utilized for assembling IDLV^d^ particles. These experiments involved transfecting donor Plasmid^d^ mixed with constructs expressing Cas9:gTLR.1, Cas9:gTLR.2, or Cas9:gTLR.3 complex ([Figure S1](#mmc1){ref-type="supplementary-material"}) into HER.TLR^TetO.KRAB^ cells treated or not treated with Dox. The resulting gene-editing outcomes were similar to those obtained after IDLV^d^ transduction of HER.TLR^TetO.KRAB^ cells. In particular, the frequencies of HDR were similar at heterochromatin and euchromatin, whereas the frequencies of NHEJ were clearly higher at euchromatic target DNA ([Figures 3](#fig3){ref-type="fig"}A and 3B). Interestingly, plasmid donors led to a less balanced participation of NHEJ and HDR in the repair of heterochromatic DSBs ([Figure 3](#fig3){ref-type="fig"}C; NHEJ to HDR ratios \> 1), when compared to that resulting from using IDLV donors ([Figure 2](#fig2){ref-type="fig"}C). As a corollary, these data indicate that the type and/or structure of the DSB-repairing HDR substrates can influence the ultimate performance of gene-editing procedures. Notwithstanding the above, in comparison with euchromatin, at heterochromatin established by the KRAB-KAP1-HP1-remodeling axis, the balance between NHEJ and HDR shifted toward the latter DNA repair pathway, causing target cell populations to acquire a more even, and hence more favorable, distribution between HDR- and NHEJ-derived genetic modifications ([Figure 3](#fig3){ref-type="fig"}C).Figure 3Comparing Gene-Editing Outcomes at Euchromatin versus Heterochromatin after Plasmid Vector Delivery of Donor DNA(A) Plasmid^d^-based gene editing. Dual-color flow cytometric quantification of HDR and NHEJ frequencies in HER.TLR^TetO.KRAB^ cells are shown. HER.TLR^TetO.KRAB^ cells incubated (+) or not incubated (−) with Dox were mock-transfected or were transfected with Plasmid^d^ mixed with constructs encoding the indicated RGN complexes. Two different transfection protocols (A and B) were used to deliver the DNA constructs into target cells. Bars represent mean ± SD of the indicated number (n) of independent experiments (biological replicates done on different days). (B) Representative dot plots corresponding to HER.TLR^TetO.KRAB^ cells transfected with Plasmid^d^ mixed with expression constructs coding for Cas9:gNT or Cas9:TLR.1 complexes initially treated or not treated with Dox. (C) Relative engagement of HDR and NHEJ pathways during plasmid-mediated repair of DSBs created at heterochromatin versus euchromatin. Panel C displays the data shown in (A) as the ratios between the frequencies of NHEJ and HDR in HER.TLR^TetO.KRAB^ cells exposed or not exposed to Dox.

To serve as additional controls, gene-editing experiments were also performed in tTR-KRAB-expressing HER.TLR^KRAB^ cells whose target sequences were not under conditional KRAB-mediated epigenetic regulation due to their lack of the *TetO cis*-acting elements necessary for tTR-KRAB binding ([Figure 4](#fig4){ref-type="fig"}A). Importantly, regardless of the Dox regimen, neither the HDR levels nor the NHEJ levels changed in HER.TLR^KRAB^ cells, independently of whether the donor DNA was introduced into target cell nuclei in the context of linear IDLV^d^ genomes ([Figure 4](#fig4){ref-type="fig"}B) or covalently closed Plasmid^d^ molecules ([Figure 4](#fig4){ref-type="fig"}C). Hence, in contrast to gene-editing experiments in HER.TLR^TetO.KRAB^ cells, in control HER.TLR^KRAB^ cells, there were no substantial Dox-dependent variations in the proportions between HDR and NHEJ events for both types of donor DNA templates used ([Figure 4](#fig4){ref-type="fig"}D).Figure 4Gene-Editing Endpoints in Control HER.TLR^KRAB^ Cells Exposed or Not Exposed to Dox(A) Schematics of target DNA in HER.TLR^KRAB^ cells. The tTR-KRAB-expressing HER.TLR^KRAB^ cells have a Dox-insensitive *TLR* construct due to its lack of *cis*-acting *TetO* elements. (B) Dual-color flow cytometric quantification of HDR and NHEJ events in IDLV^d^-transduced HER.TLR^KRAB^ cells. HER.TLR^KRAB^ cells, treated (+) or not treated (−) with Dox, were exposed to the indicated experimental conditions. IDLV^d^ particles were applied at an MOI of 8 VP cell^-1^. Right panel: representative dot plots corresponding to HER.TLR^KRAB^ cells exposed to IDLV^d^ particles together with Cas9:gNT or Cas9:TLR.1 complexes. Bars represent mean ± SD of the indicated number (n) of independent experiments (biological replicates done on different days); ns, non-significant. (C) Dual-color flow cytometric quantification of HDR and NHEJ frequencies in Plasmid^d^-transfected HER.TLR^KRAB^ cells. HER.TLR^KRAB^ cells, incubated (+) or not incubated (−) with Dox, were mock-transfected or were transfected with Plasmid^d^ mixed with constructs encoding the indicated RGN complexes. Right panel: representative dot plots corresponding to HER.TLR^KRAB^ cells transfected with Plasmid^d^ mixed with expression constructs coding for Cas9:gNT or Cas9:TLR.1 complexes. Bars represent mean ± SD of the indicated number (n) of independent experiments (biological replicates done on different days); ns, non-significant. (D) Comparative engagement of HDR and NHEJ pathways at site-specific DSBs created at heterochromatin versus euchromatin. Panel D shows the data presented in (B) and (C) as the ratios between the rates of NHEJ and HDR in HER.TLR^KRAB^ cells not incubated or incubated with Dox.

To provide for an independent experimental system, we also performed gene-editing experiments in HEK.EGFP^TetO.KRAB^ cells. In this system, HDR can be promptly tracked by measuring cells in which the EGFP fluorochrome is converted into that of EBFP after donor DNA delivery, while NHEJ can be monitored through quantifying cells in which nuclease-induced indels yield *EGFP* knockouts ([Figures 1](#fig1){ref-type="fig"}C, [5](#fig5){ref-type="fig"}A, and 5B). HEK.EGFP^TetO.KRAB^ cells, cultured in the absence or presence of Dox, were transfected with plasmid pTHG.Donor together with constructs encoding the Cas9:gEGFP complex targeting the EGFP fluorochrome-coding sequence ([Figure 5](#fig5){ref-type="fig"}A). The results were in agreement with those obtained in HER.TLR^TetO.KRAB^ cells ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}) in that, notwithstanding the higher frequencies of NHEJ events measured at euchromatin over those measured at heterochromatin, HDR levels were more comparable at both chromatin states ([Figure 5](#fig5){ref-type="fig"}C). As a result, the ratios between NHEJ and HDR events at heterochromatin were consistently lower than those measured at euchromatin ([Figure 5](#fig5){ref-type="fig"}D).Figure 5Gene-Editing Outcomes at Euchromatin versus Heterochromatin after Plasmid Donor Delivery into HEK.EGFP^TetO.KRAB^ Cells(A) Gene-editing assay based on EGFP-to-EBFP fluorochrome conversion. Top panel: nucleic acid and amino acid sequences corresponding to the fluorochromes of GFP, EGFP, and BFP (boxed). Bottom panel: nucleotide and amino acid sequences of the reporter target allele, before and after its editing through the delivery of pTHG.Donor and expression constructs encoding the RGN complex Cas9:gRNA^EGFP^, are shown. Horizontal orange arrow, target site of Cas9:gRNA^EGFP^; vertical open arrowhead, position of the DSB induced by Cas9:gRNA^EGFP^. (B) Schematics of the experimental design applied to HEK.EGFP^TetO.KRAB^ cells. (C) Flow cytometric quantification of HDR and NHEJ frequencies. HEK.EGFP^TetO.KRAB^ cells, incubated (+) or not incubated (−) with Dox, were exposed to pTHG.Donor and gRNA^EGFP^-containing RGNs. The frequencies of HDR and NHEJ events in the transfected cell populations were determined by measuring EBFP^+^ and EGFP^−^ cells, respectively. Bars indicate mean ± SD of two independent experiments (biological replicates done on different days). (D) Relative participation of HDR and NHEJ pathways during plasmid-mediated repair of DSBs made at heterochromatin versus euchromatin. Panel D presents the data shown in (C) as the ratios between the frequencies of NHEJ and HDR in HEK.EGFP^etO.KRAB^ cells treated or not treated with Dox.

Normally, in somatic mammalian cells, G1 is by far the longest phase of the cell cycle during which regular cell and organelle biosynthetic activities take place. Associated with this, there is a global increase in histone acetylation and transcriptional activation,[@bib27] potentially exposing large regions of the genome to unwarranted programmable nuclease-induced NHEJ during G1. The activity of the APC-Cdh1 E3 ubiquitin ligase complex is high at the late M and G1 phases of the cell cycle, timely triggering ubiquitination and ensuing proteasomal degradation of target proteins.[@bib28] Research has shown that linking Cas9 to a previously identified 110-amino acid sequence of human Geminin,[@bib28] an APC-Cdh1 target protein, results in proteolysis of the Cas9^hGem(1/110)^ fusion product during the HDR non-permissive G1 phase of the cell cycle ([Figure 6](#fig6){ref-type="fig"}A).[@bib22] Importantly, when compared to native Cas9, Cas9^hGem(1/110)^ led to a 1.28- to 1.87-fold enhancement of HDR rates in HEK293T reporter cells transfected with an EGFP donor plasmid.[@bib22]Figure 6Investigating Gene-Editing Outcomes at Euchromatin versus Heterochromatin Using Cell Cycle-Regulated Cas9(A) Constitutive and cell cycle-dependent post-translational regulation of Cas9 activity. Regular Cas9 is stable throughout the cell cycle, inducing DSBs at stages in which HDR is either not active or has to compete with NHEJ; Cas9^hGem(1/110)^, in contrast, owing to APC/C-Cdh1-mediated ubiquitination (Ub) and subsequent proteolysis at the M-to-G1 transition, preferentially accumulates during the HDR-permissive S-G2 phases. (B) Schematics of the main components of Cas9 and Cas9^hGem(1/110)^ expression constructs. Orange box with broken arrow, chimeric regulatory elements including the human cytomegalovirus *immediate-early* enhancer and the chicken *β-actin* promoter; orange box with vertical arrowhead, bovine *growth hormone* polyadenylation signal; yellow boxes, nuclear localization signals; black oval, *Cas9* ORF; red oval, DNA coding for the first 110 residues of human Geminin, hGem(1/110). (C) Dual-color flow cytometric quantification of HDR and NHEJ events at euchromatin versus heterochromatin using Cas9 or Cas9^hGem(1/110)^. HER.TLR^TetO.KRAB^ cells, incubated or not incubated with Dox, were exposed to Plasmid^d^ and the indicated gRNAs together with Cas9 (open bars) or Cas9^hGem(1/110)^ (solid bars). (D) Dual-color flow cytometric quantification of HDR and NHEJ events induced by Cas9 or Cas9^hGem(1/110)^ in control HER.TLR^KRAB^ cells. HER.TLR^KRAB^ cells, treated or not treated with Dox, were exposed to Plasmid^d^ and the indicated gRNAs together with Cas9 (open bars) or Cas9^hGem(1/110)^ (solid bars). (E) Relative participation of HDR and NHEJ pathways during plasmid-mediated repair of DSBs created at heterochromatin versus euchromatin. Net result of the data shown in (C) corresponds to the ratios between the frequencies of NHEJ and HDR in HER.TLR^TetO.KRAB^ cells exposed or not exposed to Dox. Bars represent mean ± SD of three independent experiments (biological replicates done on different days). The p values varied from a minimum of 5 × 10^−4^ to a maximum of 8.5 × 10^−3^; p \< 0.05 was considered significant. (F) Relative participation of HDR and NHEJ pathways during plasmid-mediated repair of DSBs in control HER.TLR^KRAB^ cells. Net result of the data shown in (D) corresponds to the ratios between the frequencies of NHEJ and HDR in HER.TLR^KRAB^ cells incubated or not incubated with Dox. Bars represent mean ± SD of three independent experiments (biological replicates done on different days). The p values varied from a minimum of \<1 × 10^−4^ to a maximum of 3.7 × 10^−2^; p \< 0.05 was considered significant.

Profiting from the simultaneous tracking of HDR and NHEJ events offered by HER.TLR^TetO.KRAB^ and HER.TLR^KRAB^ cells, we asked whether, in addition to enhancing HDR rates, Cas9^hGem(1/110)^ could improve the balance between HDR and NHEJ events at isogenic sequences regulated by the endogenous KAP1-HP1-dependent chromatin-remodeling apparatus. To this end, HER.TLR^TetO.KRAB^ cells and control HER.TLR^KRAB^ cells, incubated in the presence or absence of Dox, were transfected with plasmids expressing either Cas9 or Cas9^hGem(1/110)^ ([Figure 6](#fig6){ref-type="fig"}B), each mixed with constructs encoding four different gRNAs, i.e., gTLR.1, gTLR2, gTLR3, and, as a negative control, gNT. In addition, all transfection reactions included Plasmid^d^ as the source of DSB-repairing templates. Dual-color flow cytometry quantification revealed that, when compared to unmodified Cas9, Cas9^hGem(1/110)^ next to yielding higher frequencies of HDR led to lower frequencies of NHEJ. This was so regardless of the epigenetic context of target sequences ([Figures 6](#fig6){ref-type="fig"}C and 6D). This resulted in a significant net reduction in the ratios between NHEJ- and HDR-derived gene editing events ([Figures 6](#fig6){ref-type="fig"}E and 6F), with the most even participation of both DNA repair pathways observed after introducing Cas9^hGem(1/110)^ into cells containing heterochromatic target sequences ([Figure 6](#fig6){ref-type="fig"}E; −Dox, solid bars).

Finally, to complement the previous experiments testing linear and covalently closed double-stranded donors in the form of IDLVs and recombinant plasmids, respectively, we sought to assess ODN-based gene editing at euchromatin versus heterochromatin. For these experiments, we selected a single-stranded ODN pair corresponding to the sense and antisense polarities of the target polynucleotide chains of Cas9:gEGFP (i.e., ODN.s and ODN.as, respectively) ([Figure 7](#fig7){ref-type="fig"}A). Previous research has demonstrated that RGNs can display a long residence time on target DNA (∼6 h) and that, after DNA cutting, the strand upstream of the PAM (non-target strand) is released from the Cas9-gRNA-DNA ternary complex, forming a 3′-ended DNA flap.[@bib29] This insight permitted the design of optimized single-stranded ODN donors whose main attribute consisted of their hybridization to the released strand, i.e., flap ([Figure 7](#fig7){ref-type="fig"}A). When compared to double-stranded ODNs and to single-stranded ODNs that cannot anneal to RGN-generated flaps, ODNs complementary to the released strand induced ∼4-fold and ∼2-fold higher frequencies of HDR in reporter cells, respectively.[@bib29]Figure 7Gene-Editing Endpoints at Euchromatin versus Heterochromatin after ODN Donor Delivery in HEK.EGFP^TetO.KRAB^ Cells(A) Schematics of ODN design and target site before and after RGN engagement. The RGN complex Cas9:gEGFP is presumed to generate a 3′-ended DNA flap complementary and non-complementary to ODN.as and ODN.s, respectively. HDR-based gene editing with ODN.s and ODN.as donors should result in *EGFP*-to-*EBFP* conversion via the knocking in of exogenous DNA encoding the EBFP flurochrome (cyan nucleotides) flanked by sequences complementary to the target site, i.e., 36- and 80-nt-long arms. Open arrowheads, position of the DSB induced by Cas9:gEGFP; orange triplet, PAM. (B) Probing HDR-based gene editing with sense and antisense ODNs. HEK.EGFP^Tet.KRAB^ cells were transfected with ODN.s or with ODN.as, each mixed with expression plasmids coding for either non-cutting Cas9:gNT or cutting Cas9:gEGFP complexes. HDR and NHEJ quantification in HEK.EGFP^Tet.KRAB^ cells was assessed by EBFP- and EGFP-directed flow cytometry, respectively. (C) ODN-based gene editing. Dual-color flow cytometric quantification of HDR and NHEJ frequencies in HEK.EGFP^TetO.KRAB^ cells is shown. HER.TLR^TetO.KRAB^ cells, incubated (+) or not incubated (−) with Dox, were exposed to the indicated experimental conditions. Bars correspond to mean ± SD of the indicated number (n) of independent experiments (biological replicates done on different days). (D) Relative participation of HDR and NHEJ pathways during ODN-mediated repair of DSBs taking place at heterochromatin versus euchromatin. Panel D displays the results shown in (C) as the ratios between the frequencies of NHEJ and HDR in HEK.EGFP^TetO.KRAB^ cells exposed or not exposed to Dox.

Results from an initial experiment in HEK.EGFP^TetO.KRAB^ cells exposed to Cas9:gEGFP together with ODN.s or ODN.as were consistent with the aforementioned data in that the flap-hybridizing ODN.as yielded ∼2-fold higher frequencies of HDR than the non-hybridizing ODN.s ([Figure 7](#fig7){ref-type="fig"}B). In addition, expanding these ODN transfection experiments to HEK.EGFP^TetO.KRAB^ cells treated or not treated with Dox revealed that, at both chromatin states, i.e., euchromatin (+Dox) and heterochromatin (−Dox), the flap-hybridizing donor ODN.as consistently yielded a more even distribution between HDR and NHEJ events when compared to its ODN.s counterpart ([Figure S3](#mmc1){ref-type="supplementary-material"}). Thus, in addition to their improved HDR proficiency,[@bib29] these results provide a further rationale for selecting single-stranded ODNs whose sequence is complementary to that of the RGN-released DNA flap.

Interestingly, in contrast to the previous experiments in which HDR frequencies at euchromatin and heterochromatin were similar or higher at the latter state ([Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}D), these final experiments deploying ODNs showed a somewhat higher frequency of HDR at euchromatin ([Figure 7](#fig7){ref-type="fig"}C). Possibly this is explained by the fact that short single-stranded ODNs engage genomic DSBs differently from long double-stranded donors. Indeed, working models for ODN-based HDR include the bridge and template models, in which only the latter shares steps with canonical HDR.[@bib30] Yet, the measurable increase in ODN-based HDR at euchromatin (up to 1.5-fold) was lower than that observed for NHEJ (2.2-fold), thus still yielding higher NHEJ to HDR ratios at euchromatin ([Figure 7](#fig7){ref-type="fig"}D), as observed in gene-editing experiments using the other types of donor DNA, i.e., IDLV and plasmid templates ([Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, and [5](#fig5){ref-type="fig"}).

In conclusion, we report that, in contrast to the higher NHEJ frequencies at euchromatin over heterochromatin, HDR-mediated gene editing efficiencies are generally less impacted by the chromatin structure. Hence, albeit varying in degree, there is a KAP1-HP1-dependent shift in the relationship between exogenous DNA-derived HDR and mutagenic NHEJ events at single DSBs in human cells. This shift toward HDR takes place regardless of whether the donor DNA is presented in target cell nuclei as IDLVs, recombinant plasmids, or single-stranded ODNs, which together make up the most common sources of exogenous genetic information used in programmable nuclease-assisted genome-editing procedures.

Discussion {#sec3}
==========

HDR-based genome editing is key for numerous research applications, including modeling, screening, or correcting genotypes underlying human disorders in stem and/or progenitor cells. Unfortunately, in most instances accurate HDR takes place much less frequently than mutagenic NHEJ.[@bib3], [@bib4] Thus, identifying the biological parameters governing this strong DNA repair bias has both scientific and practical relevance. In this study, we have investigated the outcome of the interaction between the molecular tools necessary for HDR-based gene editing and the chromatin structure of target sequences. In particular, we assessed RGN-induced gene editing endpoints established after the engagement of donors of viral, non-viral, and synthetic origins, with isogenic target sequences located either in euchromatin or heterochromatin controlled by the absence or presence, respectively, of the KAP1-HP1-dependent remodeling apparatus. We found that the relative proportions of gene-editing endpoints resulting from mutagenic NHEJ and precise HDR events can depend to a significant degree on the chromatin conformation of target sequences, with a shift occurring toward HDR events at heterochromatin assembled via the KRAB-mediated recruitment of gene-silencing complexes ([Figure 8](#fig8){ref-type="fig"}). This bias can vary in its extent, such as when using IDLVs versus plasmids as sources of exogenous DSB-repairing substrates.Figure 8Summarizing Illustration on the Role of Alternative Chromatin Structures on Gene-Editing OutcomesThe thickness of the curved arrows represents the relative contribution of homology-directed repair (HDR) and non-homologous end joining (NHEJ) pathways to gene-editing endpoints at euchromatin versus KRAB-controlled heterochromatin.

Our findings indicate that the relative frequencies of gene-editing endpoints (i.e., wanted HDR vis-à-vis unwanted NHEJ events) can be influenced not only by selecting different types of donor DNA structures but also, critically, by the epigenomic landscape of specific cell types or the dynamic and epigenetically regulated chromatin changes underlying organismal development and cellular differentiation. Hence, the chromatin context of target sequences in specific cell types or cell differentiation stages should be taken into account whenever applying HDR-based gene editing procedures. For instance, the probability for isolating gene-edited cell clones devoid of NHEJ-derived allelic mutations might be higher if target sequences are embedded in HDR-susceptible and NHEJ-refractory heterochromatin as opposed to NHEJ-prone euchromatin. In this regard, increasing programmable nuclease accessibility by applying chromatin-remodeling agents, e.g., programmable trans-activators, histone deacetylase inhibitors, and/or DNA methyltransferase inhibitors, might in fact be counterproductive. Indeed, in contrast to desirable HDR events, mutagenic NHEJ footprints can increase significantly due to enhanced physical and temporal exposure of target alleles to programmable nucleases, especially during the aforementioned cell cycle stages in which HDR is not operative. Conversely, and prior to our work somewhat counterintuitively, HDR-based gene editing procedures might profit from transiently addressing programmable DNA-binding complexes with epigenetic repressors (e.g., KRAB) to the vicinity of euchromatic target genes. Such approaches will, however, require the timely delivery of additional molecular tools, e.g., catalytically dead Cas9 orthologs fused to KRAB, so that target sequences become epigenetically remodeled before they are exposed to DNA-editing agents. Instead, we have explored a simpler strategy in which a single modified Cas9 nuclease, i.e., Cas9-hGem(1/110),[@bib22] is used to guarantee that DSB formation is largely restricted to the HDR-permissive S-G2 phases of the cell cycle. Importantly, we demonstrate that, regardless of the KAP1-HP1-regulated compaction statuses of target DNA, downregulating Cas9 activity during G1 leads to a significant reduction in the ratios between NHEJ and HDR ([Figures 6](#fig6){ref-type="fig"}E and 6F).

Currently, there is a paucity of knowledge about the mechanisms responsible for the repairing of DSBs located within different chromatin contexts in mammalian cells. In recent years, however, the classical view that heterochromatin simply poses a barrier to the DNA damage response (DDR) is changing into one in which heterochromatin and heterochromatin-associated proteins are active participants in it.[@bib31] For instance, SENP7 interacts with KAP1 via HP1α, resulting in the deSUMOylation of KAP1.[@bib32] The removal of this post-translational modification from KAP1 promotes the transient release of the co-repressors CHD3 and SETDB1 from chromatin, which, in turn, creates a cellular milieu favorable for HDR-mediated DSB repair.[@bib32] A similar milieu is conferred by the MRE11-RAD50-NBS1 complex-dependent recruitment of the histone acetyltransferase Trrap-Tip60 to heterochromatic DSBs.[@bib33] Interestingly, in HP1α-knockdown cells, in contrast to the buildup of the NHEJ factor XRCC4 at laser-induced DNA lesions, there is a marked reduction of the HDR factors RAD51 and BRCA1 at these lesions.[@bib34] Subsequent experiments, based on exposing cells to the restriction enzyme AsiSI, provided additional support for the participation of heterochromatin-resident HP1 proteins in associating BRCA1 with DSBs and facilitating HDR.[@bib35]

Collectively, these data provide compelling evidence for an active role of HDR during heterochromatic DSB repair, involving an intricate interplay among histone marks (e.g., H3K9me3), chromatin-remodeling factors (e.g., HP1 isoforms, CHD3, Trrap-Tip60, and KAP1), and DNA repair proteins (e.g., BRCA1, RPA, and RAD51). It is worth mentioning, however, that, for the most part, these experiments have relied on generating supra-physiological amounts of different types of DSBs throughout the genome by ionizing radiation, laser micro-irradiation, or restriction enzyme exposure. Moreover, the relative proportions between HDR and NHEJ events at isogenic sequences with distinct chromatin states in cells exposed to different donor DNA substrates was not investigated. Finally, although certain DDR processes seem to have a bias for repairing heterochromatic DSBs, e.g., ATM-mediated phosphorylation of KAP1,[@bib36] some others appear to lack this bias, e.g., p150CAF-1-mediated recruitment of HP1α to DSBs.[@bib34] It should thus be very instructive investigating which DDR components and mechanisms are more specific to heterochromatin over euchromatin or are instead shared by both compartments.

Concluding, in this study, we implemented cellular assays based on epigenetically regulated genetic reporters, donor DNA templates, and RGNs for the simultaneous quantification of HDR- and NHEJ-derived gene editing events at single-target sequences subjected to distinct chromatin conformations. The resulting data expand the aforementioned findings by providing direct experimental evidence for a role of the chromatin structure on the differential engagement of the two major DNA repair pathways in mammalian cells. The recruitment of DDR factors and DNA recombination substrates into a well-defined genetic and epigenetic environment offered by these live-cell tracking systems should aid detailed investigations into the mechanisms of DDR under different chromatin contexts, as well as their interplay with other cellular mechanisms and DNA metabolic processes such as replication. Finally, as illustrated herein through experiments testing HDR substrates of viral, non-viral, and synthetic origins and cell cycle-timed Cas9 proteins, this epigenetically regulated experimental system might also serve for assessing *in cellula* the impact of chromatin on novel gene-editing protocols involving, among others, donor DNA substrates with different structures and compositions, newly engineered Cas9 proteins, NHEJ-inhibiting reagents,[@bib37], [@bib38] and as of yet unexploited programmable nuclease systems.[@bib39], [@bib40]

Materials and Methods {#sec4}
=====================

Cells {#sec4.1}
-----

The human embryonic retinoblasts HER.TLR^TetO.KRAB^ and their control *TetO*-negative counterparts HER.TLR^KRAB^ were generated and cultured as detailed elsewhere[@bib10] (and likewise for the human embryonic kidney cells HEK.EGFP^TetO.KRAB^).[@bib10] The HEK293T cells (American Type Culture Collection) used for the generation of IDLV^d^ preparations were maintained in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific). The HEK.EGFP^TetO.KRAB^ line is a single-cell-derived clone; the HER.TLR^TetO.KRAB^ cells are polyclonal.[@bib10] The cells used in this study were mycoplasma free and were kept at 37°C in a humidified-air 10% CO~2~ atmosphere.

Recombinant DNA {#sec4.2}
---------------

The gRNA acceptor construct S7_pUC.U6.sgRNA.BveI-stuffer contains a human *U6* RNA polymerase III (Pol III) promoter and terminator sequence for gRNA expression.[@bib10] The gRNA expression plasmids Z42_pgTLR.1, Z44_pgTLR.2, AW26_pgTLR.3, AM51_pgNT, and AX03_pgEGFP were generated by ligating the annealed oligonucleotide pairs listed in [Table S1](#mmc1){ref-type="supplementary-material"} into BveI-digested S7_pUC.U6.sgRNA.BveI-stuffer. The plasmid hCas9 was used for expressing the *S. pyogenes* Cas9 nuclease (Addgene plasmid 41815).[@bib41] The sequence and annotated map of construct AX63_pTHG.donor, used for HDR-mediated editing of *EGFP* into *EBFP*, are shown in the [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}. The Addgene plasmid 31475 pCVL SFFV d14 GFP,[@bib23] herein named Plasmid^d^, served as a source of donor DNA in the gene-editing experiments performed on HER.TLR^TetO.KRAB^ and HER.TLR^KRAB^ cells. Plasmid^d^ is a lentiviral vector construct that harbors the *TLR*-targeting donor template EGFPtrunc.[@bib23] The pair of isogenic expression plasmids pX330-U6-Chimeric_BB-CBh-hSpCas9[@bib42] and pX330-U6-Chimeric_BB-CBh-hSpCas9-hGem(1/110)[@bib22] were obtained from Addgene (plasmids 42230 and 71707, respectively). The former and latter constructs are herein dubbed pX330.Cas9 and pX330.Cas9.hGem(1/110), respectively.

DNA Transfections {#sec4.3}
-----------------

HER.TLR^TetO.KRAB^ cells were kept for 10 days in medium lacking or containing Dox at a final concentration of 0.5 μg mL^--1^. Next, each of these cell cultures (i.e., with and without Dox) were seeded 1 day before DNA transfections in wells of 24-well plates (Greiner Bio-One) ([Tables S2--S7](#mmc1){ref-type="supplementary-material"}; [Figure S4](#mmc1){ref-type="supplementary-material"}A). The DNA transfections were initiated by adding 1 mg mL^--1^ linear 25 kDa polyethyleneimine (PEI; Polysciences) to the different plasmid mixtures diluted in 50 μL 150 mM NaCl ([Tables S2--S7](#mmc1){ref-type="supplementary-material"}; [Figure S4](#mmc1){ref-type="supplementary-material"}A). After vortexing for 10 s, the DNA-PEI complexes were let to be formed for 15 min at room temperature, after which they were directly added to the medium of the cell cultures. The different transfection mixtures were substituted 6--8 h later by regular culture medium with or without Dox. At 3 days post-transfection, the cells were sub-cultured every 3--4 days for a period of 11 days, and the frequencies of EGFP- and mCherry-positive cells in the cultures were determined by flow cytometry ([Figure S4](#mmc1){ref-type="supplementary-material"}A). To activate transgene expression, the cultures initially lacking Dox were exposed to Dox (0.5 μg mL^--1^) for 10 days, after which the frequencies of EGFP- and mCherry-positive cells were also determined in these cultures by flow cytometry ([Figure S4](#mmc1){ref-type="supplementary-material"}A). The transfection protocols and experimental design applied to the control *TetO*-negative HER.TLR^KRAB^ cells were similar to those applied to the *TetO*-positive HER.TLR^TetO.KRAB^ cells ([Table S5](#mmc1){ref-type="supplementary-material"}; [Figure S4](#mmc1){ref-type="supplementary-material"}B).

HEK.EGFP^TetO.KRAB^ cells were cultured for 7 days in the presence or absence of Dox at a final concentration of 0.2 μg mL^--1^. Next, the cells were seeded 1 day before DNA transfections in wells of 24-well plates (Greiner Bio-One) ([Tables S8--S10](#mmc1){ref-type="supplementary-material"}; [Figure S4](#mmc1){ref-type="supplementary-material"}C). The DNA transfections started by adding 1 mg mL^--1^ PEI to the different plasmid mixtures diluted in 50 μL 150 mM NaCl ([Tables S8--S10](#mmc1){ref-type="supplementary-material"}; [Figure S4](#mmc1){ref-type="supplementary-material"}C). After vortexing for 10 s, the DNA-PEI complexes were let to be formed for 15 min at room temperature, after which they were directly added to the medium of the cell cultures. The various transfection mixtures were replaced 6--8 h later by regular culture medium with or without Dox. At 3 days post-transfection, the cells were sub-cultured every circa 3 days for a period of 7 days, and the frequencies of EBFP-positive and EGFP-negative cells in the cultures containing Dox were determined by flow cytometry ([Figure S4](#mmc1){ref-type="supplementary-material"}C). To activate transgene expression, the cultures that initially had not received Dox were incubated in the presence of Dox (0.2 μg mL^--1^) for an additional 7-day period, after which the frequencies of EBFP-positive and EGFP-negative cells were also determined in these cultures by flow cytometry ([Figure S4](#mmc1){ref-type="supplementary-material"}C).

IDLV Production and Titration {#sec4.4}
-----------------------------

The assembly of IDLV^d^ particles was carried out by transient transfections of HEK293T cells with lentiviral vector construct Plasmid^d^,[@bib23] together with packaging plasmid AM16_psPAX2.IN^D116N^[@bib43] and vesicular stomatitis virus glycoprotein-G-pseudotyping construct pLP/VSVG (Thermo Fisher Scientific), as detailed previously.[@bib43], [@bib44] The protocols for the concentration and purification of IDLV^d^ particles released into the producer-cell culture medium were equally detailed elsewhere.[@bib43], [@bib44] Finally, the physical particle titers of the resulting IDLV^d^ stocks were determined by measuring the HIV-1 p24^gag^ antigen with the aid of the RETRO-TEK HIV-1 p24 ELISA kit, following the manufacturer's instructions (Gentaur Molecular Products).

Gene-Editing Experiments with Single-Stranded ODNs {#sec4.5}
--------------------------------------------------

The 120-nt-long, single-stranded ODNs ODN.s (5′-GCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACACATGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGT-3′) and ODN.as (5′-ACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGAAGCACTGCACGCCATGTGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGC-3′) were custom synthesized and high-performance liquid chromatography purified (Eurofins Scientific). These ODNs were reconstituted in a solution of 10 mM Tris-Cl and 1 mM EDTA (pH 8.0) to a concentration of 100 pmol μL^--1^. A 50-fold dilution of this stock was divided in aliquots and stored at −20°C prior to transfection. The ODNs were transfected together with RGN-encoding plasmids into HEK.EGFP^TetO.KRAB^ cells cultured in the absence or presence of Dox (0.2 μg mL^--1^), using the previously described PEI-based protocol and the DNA mixtures detailed in [Tables S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}.

Flow Cytometry {#sec4.6}
--------------

The measurements of EGFP-positive, EGFP-negative, EBFP-positive, and mCherry-positive cells were performed using a BD LSR II flow cytometer (BD Biosciences). The data were analyzed with the support of FlowJo 10.1 software (Tree Star) or BD FACSDiva 6.1.3 software (BD Biosciences). Mock-transfected cells served for establishing background fluorescence thresholds. At least 40,000 viable single cells were analyzed per sample.

Statistical Analysis {#sec4.7}
--------------------

The comparison of the indicated datasets resulting from independent experiments (biological replicates done on different days) was analyzed by applying two-tailed Student's t tests (p \< 0.05 considered significant). The GraphPad Prism 6 software package was used for this analysis.
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